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This study investigated the effect of yaw angle on the aerodynamic performance of 
hatchback vehicle model fitted with a strip spoiler. Conventionally, the performance of 
rear-roof spoilers had mainly been optimized for straight-ahead driving condition. 
However, during cornering, the effect of spoiler is most needed to ensure that the 
vehicle can drive through the curve without slip. Hence, this study aims to investigate 
the effects of yaw angle change corresponding to cornering on the flow characteristics 
of strip spoiler, and the subsequent influence on the aerodynamic performance of 
hatchback vehicles. A RANS-based computational fluid dynamics (CFD) method was 
used. A simplified hatchback model was adopted. The numerically obtained results was 
compared to the experimental data for validation of the CFD method. It was found that 
both the lift and drag coefficient of the spoiler were to increase with increasing yaw 
angle. Similarly, the overall Cd and Cl of the model were also increased with increasing 
yaw angle. The main body parts that contributed to the increase in Cd are the base and 
slant, whereas the front tended to attenuate the Cd. Meanwhile, the rise in Cl was 
mainly caused by the roof, and resisted by the underbody. 
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1. Introduction 
 
A spoiler is an external structured added to the trailing edge of the roof of a vehicle to increase 
the downward force, and hence, improves its traction. To date, the performance of spoilers had 
mainly been optimized for straight-ahead driving condition. However, during cornering, good 
traction is critical to ensure that sufficient centripetal force is generated for the vehicle to drive 
through the curve without slip. Hence, this study aims to investigate the effects of yaw angle change 
corresponding to cornering on the flow characteristics of rear-roof spoiler, and the subsequent 
influence on the aerodynamic performance of hatchback vehicles.  
Generally, there are two rear spoiler types: strips and free-standing wing. The effectiveness of 
wing-type spoiler has been reported in numerous studies [1-11]. For instance, Kim et al., [4] revealed 
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that the use of a rear spoiler on a mini-van has successfully reduced the lift by more than 100% when 
the mini-van is moving at the speed of 108 km/h. As for car, Tsai et al., [5] has employed various wing 
spoilers to study their effects on a simple bluff body inspired by the HONDA S2000. They reported 
reductions in the lift force for all the spoiler types investigated. On a similar note, Daryakenari et al., 
[3] has reported up to 75% drop in the lift coefficient when the incident angle of the spoiler mounted 
on a passenger car model was set correctly. In addition, Kodali and Bezavada [12] has produced lower 
lift coefficient with the wing spoiler at up to 80%.  In the case of strip spoiler, a study about its effect 
on the crosswind stability and drag force for Ahmed body with a backlight angle of 35° has been 
carried out by Menon et al., [13]. However, the lift force was not being considered in their study. 
Notably, the scopes of these studies [3-5, 12-13] are limited to zero degree yaw angle, i.e. the 
oncoming flow approached the spoiler in the longitudinal direction of the vehicle, which simulates a 
straight-ahead driving condition. However, in practice, the effect of spoiler is most needed during 
cornering (i.e. none zero yaw angle) to ensure ride safety by providing better downforce. The spoilers 
being designed for straight-ahead driving may become less effective during cornering, due to the fact 
that the air is no longer passing exactly fore-aft (i.e. none zero yaw angle). In fact, the yaw angle could 
increase to about 10° [14]. Hence, it is important to understand the flow and aerodynamic 
characteristics of spoiler at a range of yaw angle corresponding to flow conditions during cornering.  
Although the effect of spoiler at the yaw angle of 30° has been investigated by Menon et al., [13], 
however, its aim was on side wind stability. The results obtained from only one yaw angle are 
insufficient to describe the aerodynamic characteristics of spoiler during cornering. In addition, most 
of the studies had investigated the effect of wing spoiler. The literature on the effects of strip type 
spoiler is scarce. To fill the gap, hence, the main objective of the present paper is to investigate the 
effect of yaw angle on the aerodynamic performance of simplified hatchback model mounted with a 
strip-type rear-roof spoiler. 
 
2. Methodology  
2.1 Hatchback Model and Spoiler Configurations 
 
The Ahmed body [15] which represents simplified road vehicle geometry in the form of a bluff 
body was adopted. The slant angle was at 35°, which is typical for most hatchback cars (see Figure 1). 
The use of simplified model is to prevent interference effect among body parts which would 
otherwise been found on real vehicles. This approach has been implemented successfully in many 
studies concerning automotive aerodynamics (e.g. [15-20]). As shown in the figure, a roof spoiler was 
attached at the roof-slant junction. The incident angle of the spoiler was at 5°. The yaw angle 
convention is also depicted in the figure. The angle ranges from 0° to 12°, at an increment of 4°.  
 
 
Fig. 1. Ahmed model fitted with a rear-roof spoiler and the convention of yaw angle 
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The roof spoiler was 70% shorter than the slant, which means it was 66.6 mm long. We filleted 
the end of the spoiler which has a sharp angle to avoid generating problematic cells in the meshing 
process. The fillet setting was at 5 mm radius. In addition, the back of the spoiler which protruded 
from the slant surface has been kept perpendicular to the slant. 
 
2.2 Computational Method 
2.2.1 Numerical settings 
 
The present study solved the Reynolds-averaged Navier-Stokes (RANS) equations by a 
commercial CFD solver, namely ANSYS Fluent 16. It utilizes a finite-volume method. The flow is 
assumed incompressible as the Ma is well below 0.3. The time-averaged mass and momentum 
equations solved are as following: 

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where,    = density of fluid 
 u  = time-averaged velocity 
 p  = time-averaged static pressure 
   = viscosity of fluid 
 
   = mean rate of strain tensor 
 		
   = Reynolds stresses  
 
The Reynolds stresses which represent the turbulent effects were modelled by the k-epsilon 
realizable model to close equation (2). In the case when the first grid point is within the range of 
logarithmic layer, the wall function is used to model the boundary layer profile. Subsequently, the 
surface friction is estimated. The steady state, pressure-based solver was used. Moreover, the 
upwind scheme of second-order accuracy was used for discretization. 
The domain has a rectangular cross section (1742.9 mm high and 4407.6 mm wide) and is 13.8l 
long (l is the length of the vehicle model, which is equaled to 1.044 m). The blockage ratio of the flow 
was below 1.5%. Thus, the value is within the typical acceptable range of 5% in automotive 
aerodynamic testing [13].   
The inlet boundary was located at 1.4l upstream of the model while the outlet boundary was at 
11.4l downstream. A uniform velocity of 40 m/s was assigned at the inlet, while the outlet was set at 
zero gauge pressure. The height-based Re of the flow was 768,000. Symmetry boundary condition 
was used for the ceiling and side walls of the domain, while no-slip condition was applied to the 
domain floor and the model surfaces.  
 
2.2.1 Meshing 
 
Figure 2 shows the cell types and mesh density of the domain. As depicted, finer cells were used 
on the model surfaces and the cells were progressively becoming coarser as they extended outward 
towards the domain boundaries. In addition, prismatic cells were used near the model surfaces and 
the floor. The first node distance from the model surface was fixed at 0.5 mm. This setting yields 
small y+ values on the model surfaces, which range from about 1.2 to 80. Grid independence test has 
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been performed to check the effect of mesh size. It was found that the grid at about 1403904 
elements is adequate.   
 
 
Fig. 2. Numerical cells of the simulation domain (top), close-up of prismatic cells around the rear-roof 
spoiler (middle), and mesh density distribution around the Ahmed body (bottom) 
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2.2.2 Validation 
 
We validated the CFD model against the wind tunnel data available in the literature. The Re used 
in the validation was 768,000. This value was selected based on the setting used by Lienhart et al. 
[16]. We observed that the CFD model has reproduced the flow features well, particularly at the rear 
section of the Ahmed body. These features include the separation at the trailing edge of the roof, 
and the recirculating bubble in the wake of the Ahmed body. Similar flow pattern has also been 
reported in the literature (e.g. [15-17]).  
Quantitatively, the percentage difference in Cd was about 6.5% as compared to the result 
obtained by Lienhart et al., [16]. Because no attempt was made to reproduce exactly the 
experimental conditions of Lienhart et al., [16], this level of agreement is quite reasonable.  
 
3. Results and Discussion  
3.1 Effect of Yaw Angle on Cd and Cl 
 
Figure 3(a) shows that both the Cd and Cl of the model had increased with increasing yaw angle. 
Note that the present study has adopted the body-axis system, i.e., Cd is defined as the aerodynamic 
force component parallel to the longitudinal axis of the model. Also shown in the figure are the 
influence of yaw angle on the spoiler contribution to Cd and Cl (Figure 3(b)). As depicted, its 
contribution to Cd and Cl had increased with increasing yaw angle. This tendency means that its 
effectiveness in improving the vehicle’s fuel efficiency and running stability were to deteriorate in 
none-zero-yaw conditions, such as when the vehicle is subjected to crosswinds or when it no longer 
travels in a straight path. 
 
 
Fig. 3. Effect of yaw angle on Cd and Cl 
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Fig. 4. Effect of yaw angle on body part contributions to Cd and Cl 
Figure 4(a) reveals that the Cl contribution from the base and underbody were most significant 
when the model is subjected to yaw angle. These two body parts had the opposite influences with 
the former exerting a negative one. Meanwhile, the base, slant, and front were most significant in 
affecting the Cd with the latter showing a desirable influence. The physical mechanism on how the 
Cd and Cl of these body parts are being influenced by yaw angle change is given in the following 
subsections. 
 
3.2 Effect of Yaw Angle on Flow Structures 
When the model was subjected to yaw angles, four longitudinal vortices (marked A, B, C, and D 
in Figure 5) were generated which emanated at the four front corners of the model. The generation 
of these vortices is reasonable considering that the front corner edges are of angular shape. When 
viewed from the back of the model, the upper and lower vortex pairs had the counter clockwise and 
clockwise rotations, respectively (see Figure 5). These vortices propagated downstream alongside 
the model with decreasing intensity but their vortex rings were widened (see Figure 6).  
As shown in Figure 5, the paths of the windward vortices A and B are respectively, located on the top 
and bottom of the model near the windward side. However, the paths of the leeward vortices C and 
D are located away from the model surfaces. Consequently, the windward vortices could influence 
the surface pressure of the model especially at higher yaw angle due to increasing vortex strength. 
Figure 6 shows that the intensity and size of vortices A, B, C, and D (depicted by the Q criterion 
contour) were to increase with increasing yaw angle. 
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Fig. 5. Effect of yaw angle on body part contributions to Cd and Cl 
 
3.3 Physical Mechanism 
 
Figure 7 compares the surface pressure distribution on the top and bottom of the model at 
increasing yaw angles. As may be seen, the windward vortices had induced the low surface pressure 
regions along the top and bottom surfaces of the model (region in the red box). Since the decrease 
in the surface pressure of the roof could cause the Cl to increase, therefore the contribution of Cl 
from the roof had shown an increase tendency. On the other hand, the decrease in the surface 
pressure of the underbody would cause the Cl to decrease; hence the underbody had a favorable 
contribution – improving downforce. 
The reason for reduction in Cd for the front part contribution is because of the widening of the 
low surface pressure region near the leeward side of the front part (i.e. left vertical edge) with 
increasing yaw angle (see Figure 8). Figure 9 shows that the widened low surface pressure region is 
associated with the flow acceleration near the leeward side corner at higher yaw angle. 
Meanwhile, the reason for the drop in the surface pressure of the slant and base at higher yaw 
angle which has contributed to the increase in Cd, is associated with the formation of significant 
crossflow behind the model (see Figure 10). These crossflow structures are the result of vortex 
shedding at higher yaw angle. 
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Fig. 6. Yaw angle effect on longitudinal vortices; comparison between the Q criterion obtained from 4° and 
12° yaw angles 
  
 
Fig. 7. Yaw angle effect on surface pressure distribution 
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Fig. 8. Yaw angle effect on the surface pressure distribution of the front part 
 
 
Fig. 9. Yaw angle effect on the velocity distribution near the front part; visualization 
plane at the mid height of the model. 
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Fig. 10. Yaw angle effect on the surface pressure distribution of the rear section 
 
4. Conclusion  
 
This paper investigated the effect of yaw angle on the aerodynamic performance of hatchback 
vehicle model fitted with a rear-roof spoiler by a RANS-based CFD method. The results show that 
both the lift and drag coefficient of the spoiler were to increase with increasing yaw angle – 
deterioration tendency. In addition, the overall Cd and Cl of the model were also increased with 
increasing yaw angle. The main body parts that contributed to the increase in Cd are the base and 
slant, whereas the front tended to attenuate the Cd. Meanwhile, the rise in Cl was mainly caused by 
the roof, and resisted by the underbody. 
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